ABSTRACT Neurofilaments (also called 10-nm filaments or intermediate filaments) from bovine brain were incubated with microtubule protein at 37"C in the presence or absence of 1 mM ATP and in a buffer that allowed microtubule assembly. Fallingball viscometry revealed that the (non-Newtonian) apparent viscosity of the ATP-containing mixtures is 5-20 times greater than that of the mixtures prepared without ATP. A larger ATP-dependent increase in viscosity (approximately 100-fold) was seen when purified tubulin replaced microtubule protein. The (1, 4, 5) , and occasional observations of highly ordered arrays of neurofilaments surrounding microtubules (6) suggest together that the two structures are connected in vivo as part of an axoplasmic filamentous network. Neurofilaments are transported in the slow component of axonal transport (7, 8) , and it has been suggested (7) Neurofilaments, Tubulin, and Microtubule-Associated Proteins (MAPs). Neurofilaments were prepared from bovine brain as described (17). Microtubule protein referred to as "threetimes-cycled" was prepared by three cycles of the assembly/ disassembly method of Shelanski and coworkers (14, 18). Phosphocellulose (PC)-purified tubulin was prepared from twicecycled microtubule protein (19, 20) . The fraction that was initially retained by the PC column was eluted in buffer A containing 0.8 M NaCl and centrifuged for 60 min at 95,500 X g to remove any neurofilaments (see ref. 15). This material is referred to as "whole MAPs. " Aliquots of the whole MAP fraction were heated to 100°C for 5 min and then were centrifuged at 4°C for 20 min at 25,000 X g to remove flocculated protein (21). This material is referred to as "heat-treated MAPs." Purified MAP2 was prepared as described by Kim et al. (22). Upon NaDodSO4/polyacrylamide gel electrophoresis by the method of Laemmli (23), each of these five preparations appeared quite similar in protein composition to those described in the references given. The tubulin polymerized in buffer A at protein concentrations greater than about 2.7 mg/ml. Each preparation was dialyzed against buffer A and then stored in liquid N2. Aliquots were thawed, centrifuged for 10 min in a clinical centrifuge at 4°C, and used within 6 hr.
Neurofilaments, the intermediate filaments of neurons, are found in the same regions of neurites as microtubules are, nearly always aligned parallel to them (1) . Recent reports of crossbridges between microtubules and neurofilaments (2, 3), earlier observations of wispy sidearms on both structures (1, 4, 5) , and occasional observations of highly ordered arrays of neurofilaments surrounding microtubules (6) suggest together that the two structures are connected in vivo as part of an axoplasmic filamentous network. Neurofilaments are transported in the slow component of axonal transport (7, 8) , and it has been suggested (7) that interactions between them and microtubules are responsible for their movement. Evidence of physical connection between nonneuronal intermediate filaments and microtubules also exists. Movement-related interactions between intermediate filaments and microtubules have been clearly demonstrated in syncytia of baby hamster kidney 21 cells (9, 10) , and it has been shown that the intracellular distribution of intermediate filaments in normal baby hamster kidney 21 cells and other cultured cells is grossly altered by the application of microtubule-disrupting agents (11) (12) (13) . In addition to this evidence for intracellular association between microtubules and neurofilaments, there is evidence of association in vitro. Neurofilaments adhere to microtubules and cosediment with them under the conditions employed in microtubule preparation (14) (15) (16) . These considerations prompted the deliberate search, reported here, for a microtubule-neurofilament complex. The methods employed in these preliminary studies are physicochemical rather than structural, as is appropriate to the study of the formation of weak complexes in solution. MATERIALS Neurofilaments, Tubulin, and Microtubule-Associated Proteins (MAPs). Neurofilaments were prepared from bovine brain as described (17) . Microtubule protein referred to as "threetimes-cycled" was prepared by three cycles of the assembly/ disassembly method of Shelanski and coworkers (14, 18) . Phosphocellulose (PC)-purified tubulin was prepared from twicecycled microtubule protein (19, 20) . The fraction that was initially retained by the PC column was eluted in buffer A containing 0.8 M NaCl and centrifuged for 60 min at 95,500 X g to remove any neurofilaments (see ref. 15 ). This material is referred to as "whole MAPs. " Aliquots of the whole MAP fraction were heated to 100°C for 5 min and then were centrifuged at 4°C for 20 min at 25,000 X g to remove flocculated protein (21) . This material is referred to as "heat-treated MAPs." Purified MAP2 was prepared as described by Kim et al. (22) . Upon NaDodSO4/polyacrylamide gel electrophoresis by the method of Laemmli (23) , each of these five preparations appeared quite similar in protein composition to those described in the references given. The tubulin polymerized in buffer A at protein concentrations greater than about 2.7 mg/ml. Each preparation was dialyzed against buffer A and then stored in liquid N2. Aliquots were thawed, centrifuged for 10 min in a clinical centrifuge at 4°C, and used within 6 hr.
Viscometry. Falling-ball viscometers were constructed and employed exactly as described by MacLean-Fletcher and Pollard (24 was placed in the ultracentrifuge and allowed to stand for 20 min at 350C and then was accelerated to the appropriate speedinitially 4000 rpm, then 7000, and finally 20,000. Sedimentation was observed by means of a laser-equipped Rayleigh interference optical system (25) and of a novel data acquisition device (26) that records the height of the Rayleigh fringes at a fixed radial position in the cell at frequent intervals (every 20 sec in these experiments). From the resulting record of concentration vs. time, the distribution of sedimentation coefficients was estimated by appropriate methods (unpublished data).
Electron Microscopy. Mixtures of tubulin and neurofilaments were incubated without stirring at 370C for 20 min. They then were fixed, embedded in Epon and sectioned exactly as described (27) , and examined in a Hitachi HU lLB electron microscope.
Other Methods. Protein concentrations were determined by the method of Bradford (28) . RESULTS Viscosity Measurements. Fig. 1 shows the fundamental phenomenon. When a mixture of three-times-cycled microtubule protein and neurofilaments was incubated at 370C, its apparent viscosity increased about 5-fold if ATP was present in the incubation medium. This ATP-dependent increase became about 20-fold if additional MAP2 was included in the mixture. Controls showed that no effect of ATP was seen when the components of the mixture were tested separately. The viscosities of these mixtures far exceeded the sums of the viscosities of their separate components. In the absence of ATP, the viscosity of the mixture of three-times-cycled microtubule protein with neurofilaments was not significantly different from that of three-times-cycled microtubule protein alone (Fig. 1 , bars A and C). The viscosity of approximately 9 cP attained by the microtubule protein (at 3.6 mg/ml) is attributable to its polymerization into microtubules. At the higher concentration of 7.2 mg/ml, this sample of three-times-cycled microtubule protein showed an apparent viscosity of 54 cP after incubation, and its viscosity was not affected by the presence of ATP.
Similar results at three different concentrations of protein were obtained with PC-purified tubulin (Fig. 2) . A large ATPdependent change in apparent viscosity occurred when PC-purified tubulin was used. In Fig. 2 the truncated tops of bars A and C represent apparent viscosities of 3900 cP and 4900 cP, respectively, so that the magnitude of the ATP-dependent change was greater than 100-fold in those two mixtures. This increase was larger than that observed with three-times-cycled microtubule protein. A clue to the reason for this difference was provided by the lack of an ATP-dependent increase in viscosity observed when the whole MAPs obtained from PC were substituted for the heat-treated MAPs (Fig. 2, bars B and A, respectively). Evidently the whole MAPs contained a factor that A, three-times-cycled microtubule protein and neurofflaments; B, three-times-cycled microtubule protein, neurofilaments, and MAP2; C, three-times-cycled microtubule protein and MAP2 (control); D, neurofilaments alone (control); E, neurofilaments and MAP2 (control). Concentrations in the final mixtures were 3.6 mg/ml of microtubule protein, 2.0 mg/ml of neurofilaments, and 1.5 mg/ml of MAP2.
inhibited the viscosity increase. The presence of such a factor would be expected in three-times-cycled microtubule protein also because the whole MAPs were prepared from it; thus, a smaller viscosity increase would be expected with three-timescycled microtubule protein than with PC-purified tubulin.
That MAPs may not be required for the ATP-dependent viscosity change was apparent from the experiment performed with PC-purified tubulin and neurofilaments alone (Fig. 2, bar  C) . At a tubulin concentration of 3.6 mg/ml, a greater-than-100-fold change in viscosity appeared, but at tubulin concentrations of 2.4 mg/ml and 1.2 mg/ml, the ATP-dependent viscosity increase was abolished. In the absence of MAPs, these two tubulin concentrations were below the observed critical concentration, and, thus, microtubules did not form in these solutions. In the presence of heat-treated MAPs (Fig. 2, bar A) , the ATPdependent viscosity increase was seen at lower tubulin concentrations. The presence of MAPs lowered the critical concentration of tubulin to below 0.5 mg/ml, and microtubules formed. Thus, it seems likely that the viscosity increase requires microtubule formation. The controls showed that, although increases in viscosity occurred on incubation of PC-purified tubulin and either MAP fraction at 37°C, these increases were small, not ATP-dependent, and attributable to microtubule formation alone.
Fig . 3A shows the dependence of the apparent viscosity on PC-purified tubulin concentration, and Fig. 3B Fig. 1 , and (+) and (-) have the same significance. Bars: A, PCpurified tubulin, neurofilaments, and heat-treated MAPs; B, PC-purified tubulin, neurofilaments, and whole MAPs; C, PC-purified tubulin and neurofilaments; D, PC-purified tubulin and heat-treated MAPs (control); E, PC-purified tubulin and whole MAPs (control). Tops of the tall A and C bars have been truncated. The apparent viscosities observed were 3900 cP and 4900 cP, respectively. Concentrations in the final mixtures were: 3.6 mg/ml of PC-purified tubulin, 2.0 mg/ml of neurofilaments, and 1.0 mg/ml of MAPs (i), 2.4 mg/ml of PC-purified tubulin, 1.4 mg/ml of neurofilaments, and 0.7 mg/ml of MAPs U1); 1.2 mg/ml of PC-purified tubulin, 0.7 mg/ml of neurofilaments, and 0.3 mg/ml of MAPs (m Nucleotide phosphates other than ATP were tested for their capacity to induce the increase in apparent viscosity in mixtures of PC-purified tubulin (3.6 mg/ml) and neurofilaments (2. 0 mg/ ml) with and without MAP2 (1.0 mg/ml). Only small viscosity changes (less than 5% of that observed with ATP) were seen when UTP, CTP, AdoPP[NH]P (at 1 mM), or cyclic AMP (at 50 AM) were substituted for ATP. Thus, the large viscosity change can provisionally be taken to be ATP-specific. The high apparent viscosities were reduced by cooling and by mechanical disruption (Table 1 ) but were at least partially reformed upon standing. The rapid loss of viscosity upon cooling strongly suggested the involvement of intact microtubules.
It appeared from these results that some associated complex formed from both neurofilaments and microtubules was responsible for the ATP-induced increase in viscosity. A possible alternative explanation supposed that incubation with neurofilaments and ATP altered tubulin in such a way as to cause it to yield either more or longer microtubules. To test for such alteration, PC-purified tubulin (4.5 mg/ml) was incubated with neurofilaments (4.5 mg/ml) at 350C for 30 neously. The truncated peak represents an uncertainty as to the exact maximum value of s-g (s), the result of insufficient point-density in the initial data. PC-purified tubulin was at a concentration of 5 mg/ml, and neurofilaments were at 4 mg/ml. Sedimentation Measurements. If an ATP-dependent complex forms between microtubules and neurofilaments, it would be expected to sediment faster than either the microtubules or the neurofilaments. For sedimentation velocity experiments, a mixture of PC-purified tubulin and neurofilaments was divided into two aliquots. One was brought to 1 mM ATP by addition of a concentrated stock solution, and the other received an equal volume of buffer.
Results are shown in Fig. 4 , where s is the sedimentation coefficient and g(s) is the distribution function of s. A given sedimenting species would appear in this figure as a sharp peak; the area under any peak is proportional to the amount of material with s values within the limits that define the peak. The large difference between mixtures with and without ATP is evident, but only a partial interpretation can be offered at present. The distributions of sedimentation coefficient were characterized by three major components: one near 6 S, probably tubulin dimers; one near 200 S, probably free neurofilaments and free microtubules together; and one >1000 S. The chief alteration made by ATP was to reduce the amount of material with s <1000 S, and to increase the amount of material with s >1000 S. The height of the 1000S peak in the material incubated in the presence of ATP was not well defined. However, a rough estimate is that 50% of the protein was associated with material with s >1000 S in the sample with ATP, whereas 20% was with s >1000 S in the sample without ATP. The difference between these numbers, 30%, can be used as an estimate of the amount of material in the complex. Synthetic boundary sedimentation velocity experiments, conducted by standard methods at a rotor speed of 14 The requirement of ATP for complex formation appears to be relatively specific, although exhaustive tests were not carried out. The presence of GTP appears to be necessary for the formation of microtubules, and any further role it might play in mediating incorporation of neurofilaments into a complex is obscured by this requirement. GTP alone does not suffice for complex formation. Precisely how ATP supports complex formation is not clear. One can speculate that a protein kinase catalyzes phosphorylation of one or more proteins in the system, triggering formation of an associated complex. Mammalian neurofilaments possess a protein kinase (29-31) that phosphorylates both tubulin and the neurofilament proteins.
From Fig. 2 , bar C, and from the sedimentation results, it appears that MAPs may not be required for formation of the complex, provided that the tubulin concentration is high enough to allow microtubule formation in the absence of MAPs. Their possible participation cannot be strictly ruled out because traces of these molecules are present in the neurofilament preparation (17) . The inhibition of complex formation by whole Proc. Natl. Acad. Sci (32, 33) .
Finally, the questions of the geometry, mechanism of formation, and biological significance of the complex are yet to be resolved. Whether the complex that forms in solution corresponds directly to the associations that are suspected to occur inside cells remains an unanswered question. The results reported here open the way to its investigation.
